In body-centric communications, energy efficiency is a critical performance metric, while the achievable data rate is not of primary concern. In this paper we present a novel modulation scheme, which can be efficiently used in body-centric terahertz (THz) nanonetworks. The proposed scheme is a combination of the time-spread On-Off keying (TS-OOK) and the pulse position modulation (PPM) and presents lower energy consumption, compared to other existing methods as TS-OOK, at a minor cost to the data rate. Furthermore, another important aspect is that the proposed modulation scheme can be effectively used to mitigate the impact of the specific kind of noise in THz body-centric communications, thus leading to better error performance. Finally, we present analytical and simulation results in order to compare the new scheme with the existing TS-OOK.
Introduction
Recent advancements in nanotechnology allowed the use of nanomachines in a plethora of applications, which ranges from flexible electronics to medical technologies [1] . Particularly, in medicine, nanotechnology offers a novel way to perform non-invasive diagnosis, with the in-vivo use of nanodevices [2] . Nanosensing can also be used to detect chemical compounds in extremely low concentrations in the human body, while other nanodevices can be used to perform drug delivery services [3, 4] . However, the aforementioned scenarios require a large number of nanomachines in order to cover sufficiently the areas under monitoring, thus creating a nanonetwork inside the human body. Moreover, in most applications, the utilized nanonetworks should be capable of communicating with nodes outside the human body.
Advances in the field of nanomaterials now allow the exploitation of graphene and its derivatives for developing transceivers, which can be used in nanonetworks. The operational frequency of nanoantennas, constructed from these materials are in a region of 0.1 THz-10 THz, called the terahertz gap. Note that THz radiation is non-ionizing and, thus, it is generally considered as safe for the human body [1] .
Motivation
In body-centric communications, usually the achievable data rate is not of primary concern. Even though THz communications have shown to achieve very high data rates, for these specific applications energy efficiency is more crucial. In the pioneering works of Jornet et al. [5] [6] [7] , the authors proposed the use of Time-Spread On Off Keying (TS-OOK), where "1" and "0" are represented as a pulse and silence, respectively. Furthermore, a link budget analysis was also presented in [8] . In addition, molecular absorption noise, which is a particular noise that exists when this frequency band is used for communication inside the human body, has been shown to significantly affect the pulses in TS-OOK. Therefore, there is a need to explore more reliable modulation schemes, suitable for reducing the effect of the molecular absorption noise.
Contribution
In this paper, we introduce a novel modulation scheme of high practical interest, namely single-pulse variable duration (SPVD), which puts emphasis on the high energy efficiency rather than the data rate, thus having the potential to be utilized in in-vivo body-centric THz applications. The proposed scheme is a combination of the TS-OOK, which has already been proposed for these applications, and the pulse position modulation (PPM). Specifically, it utilizes only one pulse per symbol, which can significantly decrease the energy consumption of the nanodevice. Furthermore, taking advantage of the variable waveform's duration, the proposed modulation scheme is scalable, i.e., the modulation order can be chosen to adjust to each application, depending on the energy conservation and data rate requirements. We show that with a minor cost to the achievable data rate (compared to the TS-OOK), we can obtain significant energy savings. Thus, a trade-off between energy consumption and data rate is established. Compared to the existing TS-OOK scheme, the proposed modulation is proven to increase the energy efficiency, which makes it particularly attractive for battery limited applications. Finally, the new scheme is designed to minimize the effect of the noise in THz body-centric communications systems, without increasing the system's complexity.
Structure
The rest of the paper is organized as follows: In Section 2, we define the concept of the novel modulation scheme, while in Section 3, a comparison, regarding energy consumption and data rate, is drawn between the new scheme and TS-OOK. Finally, some concluding remarks are presented in Section 4.
Single-Pulse Variable Duration (SPVD) Modulation

Basic Principle
The basic idea of the proposed scheme, i.e., SPVD, is to transmit a vector of bits by using a waveform that consists of a certain number of silences and a very short pulse (in the order of 100 femtoseconds [5] ). More specifically, the bit stream is first separated to k-th dimensional vectors, where k is the number of bits per symbol and M = 2 k is the modulation order. Then each vector is mapped to a unique waveform, which is implemented by a look-up table through a bijective function. Each waveform consists of a variable number of time slots, i.e., a variable number of silences and only one pulse at the end, which both are of equal duration.
According to the above description, the signal transmitted by a user can be written as
where A is the amplitude of the pulse, p(t) is a 100 femtosecond long pulse, n ∈ {0, 1, ..., M − 1} is a constant that varies according to the order of the modulation and indicates the number of silences in the waveform, and t s is the time duration of the time slot.
Regarding the detection, after the receiver senses the transmitter's preamble signal, it counts the number of silences between the 100 femtosecond long pulse of the previous signal and that of the current signal, and corresponds them to a waveform. As it has already been mentioned, the transmitted pulse for each waveform is always placed at the end of the waveform, which facilitates synchronization, since an erroneous detection of a symbol affects at most two symbols. It is noted that the proposed modulation scheme resembles a PPM, with the main difference being that the duration of each codeword is not constant, but diverges according to the transmitted symbol, in order to reduce the average number of utilized time slots and thus, increase the data rate.
The advantages of the proposed modulation compared to TS-OOK are due to the nature of the noise in body-centric THz communications. More specifically, the main contribution comes from the molecular absorption noise, which is generated from the molecules that re-emit part of the absorbed radiation [7] . As such, this noise is considered to be self-induced affecting only the pulses and not the silences [9] . In [6] , a model for the power spectral density (PSD) of the noise has been derived, which is based on the Beer-Lambert Law. This model was proved in [10] [11] [12] to fit the in-vivo scenario. According to this model, the molecular absorption becomes negligible when no molecules are irradiated, i.e., when no user is transmitting. In addition, the molecular noise also has a phase component because of the random arrival of reflections at the receiver which are caused by the irradiated molecules in the medium and, thus, can lead to destructive interference with the transmitted pulse [9] . As such, molecular absorption noise cannot be effectively mitigated with the use of an energy detector. Other sources, such as the electronic thermal noise or the noise created by surrounding nanomachines are considered to be negligible, due to their relatively small magnitude. In the modulation scheme proposed in this paper, we manage to send more bits of information, by using more silences and less pulses, thus, effectively minimizing the effect of the molecular absorption noise, which consequently leads to an increase of the signal-to-noise ratio (SNR). In this way, SPVD can achieve a better behavior concerning the error probability compared to TS-OOK, while also consuming less energy to transmit the same number of bits, but as a downside more time is needed to transmit the same number of bits.
Example for k = 3
For the sake of clarity, the look-up table for k = 3 is provided in Table 1 , with the different waveforms S = {s 1 (t), s 2 (t), ..., s 7 (t)} being given by Figure 1 . Table 1 . Mapping for Modulation Order 8.
Vector
Waveform
Moreover, Figure 2 depicts an example which aims to illustrate the difference between the waveforms sent by the new modulation and TS-OOK for the transmission of the same bit stream with k = 3 for a Gaussian first derivative pulse [6] , normalized pulse amplitude A = 1 and t s = 5 ps [7] . Among others, this example portrays the trade-off between low energy and high data rate. More specifically, one can observe that the proposed modulation needs 80 ps and 4 energy bursts (pulses), while TS-OOK needs 60 ps and 6 energy bursts. 
Trade-Off between Energy Consumption and Data Rate
Next, we compare the performance of the new modulation scheme to TS-OOK, in terms of energy efficiency and data rate, taking into account the modulation order of SPVD.
Energy Consumption
Let E pulse denote the pulse energy. The average energy required to transmit k bits by using TS-OOK is given by E(M) = kE pulse 2 , since transmission of pulses and silences is equiprobable. However, this is not the case in the proposed modulation, with its average energy per bit depending on the modulation order. More specifically, in SPVD, the average energy per symbol is always E s = E pulse , due to the fact that only one pulse is transmitted for each symbol. Accordingly, the energy consumption of SPVD per bit is E pulse k . Thus, for k > 2 the proposed modulation has lower energy consumption compared to TS-OOK for the transmission of k bits, which correspond to one symbol for the case of SPVD. These remarks can be also verified from Figure 3 , which presents a comparison of the two modulations, regarding the mean energy consumption versus k, assuming normalized pulse energy E pulse = 1. In addition, as it can be observed, the mean energy consumption per bit of the proposed modulation is a decreasing and concave function with respect to k. 
Data Rate
The data rate of the proposed modulation is derived in the following lemma.
Lemma 1.
The mean data rate of the proposed modulation scheme is u(k, t) = 2k t(2 k + 1) .
(2)
Proof. The mean time required to transmit a bit by using the proposed modulation scheme is calculated by summing the time needed to transmit each symbol and then dividing it by the number of cases multiplied by the number of bits in a symbol, which in short is given by
which can be written as
In the above equations t is the time required for each time slot. Finally, the data rate can be written as
and this completes the proof. For illustrative purposes, we use five picoseconds for each time slot, so t = 5 ps [7] . Hence, it holds that f (k, 5 × 10 −12 ) = 5 × 10 −12 (2 k + 1) 2k (5) and u(k, 5 × 10 −12 ) = 2k 5 × 10 −12 (2 k + 1) . From Figures 4 and 5 we can observe that, in the case of the proposed modulation scheme, the mean time for the transmission of each bit increases with the order of modulation compared to TS-OOK, where the time required for the transmission of each bit is constant. However, as it can be observed in Figure 3 , a considerably lower amount of energy is needed to transmit these bits. 
Energy Efficiency
In Figure 6 , the two modulation schemes, i.e., the proposed one and TS-OOK, are also directly compared in terms of energy efficiency, which is defined as the number of bits transmitted for every unit of energy and counted in bits per Joule (bits/Joule). It has been shown that the energy needed for the pulses in TS-OOK is 0.1 aJ (1 aJ = 10 −18 J) [13] , with the same value being adopted for the proposed modulation, for the sake of fair comparison. The energy efficiency, defined as the ration between number of bits per symbol and the energy per symbol and measured in bits/Joule, can be calculated as Interestingly, the proposed scheme is more energy efficient than TS-OOK, i.e., it achieves a better balance between the consumed energy and data rate. Rather than this, the provided gain rapidly increases with the modulation order for M > 4, offering a very promising solution for higher energy efficiency in bodycentric THz communications.
Conclusions
In this paper, we have proposed a novel modulation scheme, i.e., single pulse variable modulation (SPVD), which can be efficiently used in body-centric nanonetworks that operate in the THz band. SPVD can achieve higher energy efficiency, compared to TS-OOK. It can also achieve a lower error rate as a consequence of the diminished molecular absorption noise. On the other hand, slightly more time is needed to transmit the same number of bits compared to TS-OOK, thus leading to lower data rate. However, this is not a primary issue, as the type of applications that are to be used with body-centric nanonetworks do not require that high of a data rate. Moreover, the modulation order of the proposed scheme can be chosen to be low in order to avoid heavily deteriorating the data rate, effectively turning this issue into a trade-off between energy efficiency and data rate. Finally, future research directions on this topic include the performance analysis, in terms of bit error rate, capacity, and collision probability, for both single and multi-user systems.
